for four doublings to a density of about 2 x 108 cells per ml. The culture was then divided into 10-ml portions, and designated amounts of APA were added to each portion. The effects of APA on growth (absorbance at 450 nm) and on cellular morphology were determined. Isolation ofmutants and revertants. Strain LD5 was grown overnight in M9 medium at 30°C. About 3 x 108 cells from this culture were spread on nutrient agar (Difco) containing 25 ug of DL-2,6-diaminopimelic acid per ml and APA at concentrations ranging from 10 to 40 ftg/ml. The plates were incubated at 300 C for 5 days. Two replicas were prepared from each plate showing 100 to 200 colonies. One of the replica plates was incubated at 30°C, and the other was incubated at 42°C. After 24 h of incubation, temperature-sensitive colonies were picked and purified by streaking. Three independently isolated temperaturesensitive mutants, designated VC71, VC72, and VC75, were selected for this study. To isolate temperatureresistant revertants, about 2 x 108 cells from overnight cultures of the mutants were spread on nutrient agar containing DL-2,6-diaminopimelic acid. Colonies appearing on these plates after three days of incubation at 42°C were purified by streaking. 
Seven major penicillin-binding proteins (PBPs) occur in the inner membrane of Escherichia coli. PBP 1A and PBP 1B are required for cell elongation (12, 16) and are believed to be involved in the terminal step of peptidoglycan biosynthesis (16, 17) . PBP 2 and PBP 3 have been shown to be essential for cell shape determination and cell division, respectively (12, 15, 16) . PBP 4 and PBPs 5/6 have been identified as D-alanine carboxypeptidases IA and IB, respectively (6, 7) , and these enzymes apparently are not essential for normal cell growth (16) .
The penicillin nucleus, 6-aminopenicillanic acid (APA), has served as the starting point in the synthesis of many semisynthetic penicillins (11) . In this paper, we report the effects of APA on E. coli. Spherical cells were formed in the presence of low concentrations of APA. Intermediate concentrations inhibited cell division, and high concentrations caused cell lysis. We also describe the properties of temperature-sensitive, APA P1 transduction. Lysates of bacteriophage P1 virA were prepared on the APA-resistant mutants as described previously (9) except that the plates were incubated at 30°C rather than at 370C. Transduction was performed according to the procedure of Miller (9) . P1 phage lysates prepared on the mutant strains were used to transduce strain JRG33 (thi proA his purB lip) to lip'. The lip' transductants were selected on Davis minimal agar (Difco) supplemented with (per ml) 20 ,ug of L-histidine, 20 lig of L-proline, 10 lsg of adenine, and 1 yIg of thiamine. To score for temperature sensitivity, the lip' transductants were transferred to fresh media, and replica plates were prepared. One set of replicas was incubated at 300C, and another set was incubated at 420C. In each cross, 12 to 25 temperature-sensitive lip' transductants were chosen at random for the determination of round cellular morphology and resistance to APA.
Assay for PBPs. Cell membranes were prepared from bacteria grown at 300C by the method of Spratt (13) . PBPs were assayed at 30 and 420C by binding ['4C]benzylpenicillin to the membrane preparations (13) . The membrane proteins were solubilized with Sarkosyl NL-97 and fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (13) . PBPs were detected by fluorography (5) . Densitometer scans of the X-ray films were prepared with a Joyce-Loebl Mk IIIc microdensitometer.
RESULTS
Effects of APA on strain LD5. The effects of APA on growth and on cellular morphology of strain LD5 are shown in Fig. 1 and 2 . Although growth was unaffected by APA at 10 lOg/ml, the cells became spherical (Fig. 2B) . The optical densities were slightly decreased in the presence of 50 and 100 jig of APA per ml. At 50 yg/ml, APA had two effects on cellular morphology. Cells became spherical soon after the addition of APA (Fig. 20) , but at later times, these cells became elongated rods (Fig. 2D) . APA apparently inhibited cell division, since many cells exhibited constrictions at aborted division sites.
At tOO Ag/rril, APA inhibited cell division, and short filaments with multiple constrictions were formed (Fig. 2F) . At higher concentrations, APA caused inhibition of cell division (Fig. 2H) curred spontaneously at a frequency of approximately 4 x 107. About 20 to 30% of these mutants were unable to form colonies at 420C. A total of64 temperature-sensitive mutants were examined and were found to have identical properties. The characteristics of three independently isolated mutants are presented below. The three mutants, strains VC71, VC72, and VC75, gave rise to temperature-resistant derivatives at frequencies ranging from 8 x 10-6 to 4 x 10-7. Strains VC711, VC721, and VC751 were temperature-resistant revertants of strains VC71, VC72, and VC75, respectively. As shown in Table 1 , the mutants exhibited an increased resistance to APA and to MEC. Resistance to APA was about 5-to 20-fold higher in the mutants than in strain LD5, and MEC resistance was increased 5-to 10-fold. Table 1 also shows that the three temperature-resistant revertants exhibited significantly lower ID50 values for both APA and MEC than the mutants from which they were derived. In all of the mutant and revertant strains, the ID50 values for benzylpenicillin (12 ,ug/ml), ampicillin (0.5 ,ug/ml), and cephaloridine (0.7 ,ug/ml) were the same as those for strain LD5.
The morphological properties of the mutants and their temperature-resistant revertants are shown in Fig. 3 . At 300C, the mutant strains VC71 (Fig. 3A) and VC75 (Fig. 3E ) grew as short rods, whereas strain VC72 (Fig. 3C ) was spherical. All three mutants were converted to spherical or pleomorphic cells at 42°C (Fig. 3B, D , and F). The revertant strains VC711 (Fig. 3G and H) and VC751 ( Fig. 3K and L) sampled at the indicated times in the experiment described in Fig. 1 . (A) 0 pg/ml, 300 min; (B) 10 pg/ml, 300 min; (C) 50 pg/ml, 200 min; (D) 50 pg/ml, 400 min; (E) 100 pg/ml, 200 min; (F) 100 pg/ml, 400 min; (G) 500 pg/ ml, 250 min; (H) 1,000 pg/ml, 150 min; (a) 1,000 pg/ml, 2(X min. (Fig. 3J) . The results of PBP assays for strains LD5, VC71, and VC711 are shown in Fig. 4 . In VC71, a low level of PBP 2 activity was present at 300C, but no activity was detected at 420C. The activities of the other PBPs were apparently normal. Identical results were obtained with strains VC72 and VC75. The activities of the PBPs in VC711 were the same as those in strain LD5, and this was also true for VC721 and VC751.
The thermosensitive growth characteristic in strains VC71, VC72, and VC75 was cotransducible with lip (Table 2) . Furthermore, in each case, all of the temperature-sensitive lip' transductants tested exhibited round cellular morphology and APA resistance. These results place the mutation in these strains close to 14 min on the E. coli linkage map (1).
DISCUSSION
The effects of APA on the cellular morphology of wild-type E. coli were concentration dependent. In agreement with previous results (12, 15) , low concentrations of APA caused the formation of spherical cells, and high concentrations resulted in cell lysis. However, intermediate concentrations inhibited cell division, and this is in contrast to a previous report (15) (12, 15) . At higher concentrations, APA also binds to PBPs 1, 3, and 4 in vitro, and the inactivation of these proteins may result in cell lysis (15) . Furthermore, the inhibition of cell division observed with intermediate concentrations of APA is not surprising since PBP 3 has been shown to be essential for this process (12, 15, 16) .
The APA-resistant mutants obtained in this study resemble the MEC-resistant mutants described previously (4, 8, 12, 16) in several respects. In both cases, the mutations cotransduce with lip, and the mutants exhibit temperaturesensitive growth, defective PBP 2 activity, and round cellular morphology. Temperature-resistant revertants of the APA-resistant mutants regained normal rod morphology, PBP 2 activity, and susceptibility to APA and MEC. Thus, all of these characteristics apparently are altered by a single mutation, probably in the structural gene for PBP 2. It is worth noting that our APAresistant mutants were spontaneously derived, whereas most of the MEC-resistant mutants studied previously (3, 4, 8, 12, 16) were isolated from heavily mutagenized cultures. A spontaneous MEC-resistant mutant was recently described by Spratt (14) , but no mention was made of revertants derived from this mutant.
Our results are consistent with other reports (8, 12, 14, 16) indicating that PBP 2 is an essential protein. One apparent exception is a temperature-sensitive MEC-resistant mutant described by Iwaya et al. (4) . This mutant exhibited thermolabile PBP 2 activity but was still able to form colonies at 42°C. The basis for this apparent anomaly remains to be determined. It is possible that this mutant possesses enough PBP 2 activity at 42°C to support colony formation, but that this activity cannot be detected by the penicillin-binding assay because the mutant protein has a decreased affinity for benzylpenicillin.
We have found that APA is more specific than MEC as a selective agent for the isolation of PBP 2 mutants. Mutants resistant to MEC occur spontaneously at frequencies ranging from 10-4 (4) to 10-5 (10) . This high mutation frequency may indicate that MEC resistance could evolve through mutations in several different genes (4, 10). Only about 3% of the spontaneous MECresistant mutants are defective in PBP 2 (Ishiguro, unpublished data). In contrast, APA-resistant mutants occur at a frequency of about 10-7, and approximately 20% of these are PBP 2 mutants.
The PBP 2 mutants isolated by either MEC or APA selection exhibit increased resistance to both APA and MEC but not to other penicillin derivatives (Ishiguro, unpublished data) . Although these mutants exhibit similar levels of resistance to APA, there is a noteworthy difference in their levels of resistance to MEC. MEC resistance in the APA-resistant mutants described in this report was increased by only 5-to 10-fold to an ID50 value of 0.035 to 0.075 ,ug/ml.
In contrast, the ID5o always exceeded 10 ,ig of MEC per ml in spontaneous PBP 2 mutants that were selected with MEC (Ishiguro, unpublished data) , and this value appears to be in agreement with other reported values for similar mutants (4, 8, 12, 16) . The reason for this difference in the levels of MEC resistance is not known.
